Prenatal ultrasonography can detect approximately 80% to 85% of fetuses with spina bifida. 3, 4 It can also show the extent of the spinal lesion for prognostic significance. Kollias et al 5 found that two-dimensional ultrasonography (2DUS) estimated the defect to within 1 vertebral segment in 79% of fetuses with spina bifida. Several investigators have also suggested that three-dimensional ultrasonography (3DUS) can be used to evaluate this condition. [6] [7] [8] [9] [10] Johnson and coworkers 8 have already described the use of rendered spine images as a reference for position on threedimensional (3D) multiplanar views. Only 5 of their cases, however, compared prenatal findings with the vertebral defect level after delivery. Furthermore, their results suggested that 3DUS had a tendency to overestimate the defect level when compared with 2DUS.
This article describes specific details of an approach for evaluating spina bifida by 3DUS. Multiplanar views are generated by manipulation of a virtual cutting plane through a volumerendered spine. Specific examples will show the versatility of 3DUS for characterizing spina bifida. The extent of suspected fetal vertebral defects on 2DUS and 3DUS will also be compared with postnatal imaging studies.
Materials and Methods
Fetuses with abnormalities thought to have spina bifida on the basis of 2DUS were referred to the fetal ultrasound units at Hutzel and William Beaumont hospitals for additional evaluation. They were enrolled into this study, which was approved by the Institutional Review Boards at William Beaumont Hospital, Wayne State University, and the National Institute of Child Health and Human Development.
All ultrasonographic examinations were performed by physicians with subspecialty training in either maternal-fetal medicine or radiology. The highest vertebral defect was identified on 2DUS (HDI 5000, Philips Ultrasound, Bothell, WA; and XP10 and Sequoia, Acuson, a Siemens Company, Mountain View, CA) and 3DUS (Voluson 530D and Voluson 730, GE Medical Systems, Milwaukee, WI) in fetuses with spina bifida. Spinal levels were independently counted from the most caudal thoracic vertebra with a rib (e.g., 12th thoracic rib) by 2DUS and 3DUS. Three-dimensional data were obtained with dedicated volume probes that were designed with hybrid mechanical and curved array technology (S-VAW 3-5 and RAB 4-8; GE Medical Systems). Each scan sweep took approximately 4 to 9 seconds, and this information was stored on removable digital media for subsequent analysis. For each case, volume data were acquired from sagittal and transverse views of the spine. This was later analyzed on a desktop computer (3D View 2000, version 1.0; GE Medical Systems) by an examiner, who had no direct knowledge of the original 2DUS impressions or postnatal findings, according to the following protocol ( Figs. 1 and 2 ):
1. Volume data were reformatted to display standardized multiplanar views of the fetal spine. Brightness and contrast levels were adjusted to optimize the image. A color filter was applied to improve tissue contrast resolution. Reference dots in each multiplanar window represented the same anatomic location within volume data sets as they were interactively manipulated.
2. A 3D reconstruction of the fetal spine was interactively displayed from a coronal view. The spine and ribs were simultaneously rendered with a maximal intensity projection filter. Varying degrees of opacity and transparency filtering were used until skeletal structures were clearly shown through the surrounding translucent soft tissue.
3. The most caudal vertebra with a corresponding rib was defined as T12. From this reference point, the virtual scanning plane (green line) was moved toward the fetal bladder, with the rendered spine and ribs used as a reference image. Each vertebral segment was consecutively counted by caudal movement of the cutting plane until the posterior spinal ossification centers appeared irregular or disrupted from the multiplanar views.
Prenatal diagnostic assessments were compared with postnatal determination of the bony spine defect level by radiographic films or magnetic resonance imaging. When feasible, the overlying meningeal sac was also shown by 3D surface-rendering techniques.
Results
Nine fetuses were evaluated by 2DUS (21.7 ± 3.4 weeks) and 3DUS (22.7 ± 4.4 weeks). Table 1 compares spinal defect levels on ultrasonography with corresponding postnatal findings from imaging studies. For 2DUS, the spinal level agreed to within 1 vertebral segment in 6 of 9 infants. By comparison, 3DUS agreed to within 1 vertebral segment in 8 of 9 infants. Cases 1, 7, and 8 had bony defects (2DUS) within 1.5 to 2 segments away from the postnatal findings; 3DUS was accurate to within 1 vertebral segment for the same 3 fetuses, despite the fact that postnatal magnetic resonance imaging confirmed only 11 thoracic ribs for case 1. Bony vertebral defects were clearly shown in 2 fetuses by volume rendering (Fig. 3) . One of these fetuses (case 6, 21.6 menstrual weeks) had butterfly vertebrae at the T11 and T12 levels on magnetic resonance imaging. A left hemivertebra (T9) was also present in the same fetus. Three-dimensional ultrasonographic rendering showed only narrowed and irregular vertebral pedicles in the lower thoracic spine. An intact meningeal sac was easily rendered in 5 of 9 fetuses (Fig. 4) . Other attempts to render the entire sac were suboptimal because of fetal position, especially when the region of interest was pushed against the uterine wall.
Specific rendering techniques were used to show pathologic features. For example, spatial relationships between the external skin lesion and underlying bone were visualized by combining varying degrees of surface rendering (to emphasize the skin surface) with maximal intensity projection filtering (to emphasize the bony structures; Figs. 5 and 6). It was also possible to display other commonly associated structural findings such as frontal skull indentations and clubfeet (Fig. 7) .
Discussion
Spina bifida results from failure of the posterior vertebral arches to fuse during the sixth menstrual week and occurs once per every 1000 live births. 11, 12 Genetic and environmental factors (i.e., folate deficiency) have been implicated as important causes. 13, 14 The mildest form, spina bifida occulta, is usually asymptomatic if no neural elements are involved. 15 A tuft of hair, arising from a skin dimple, may provide the only clinical evidence of its presence. Open spina bifida is a more serious condition that results from protrusion of the meningeal sac through a defective vertebral arch. Varying degrees of neurologic deficit are caused by herniation of cord tissue and nerve roots into the sac.
Prenatal detection of this condition relies on sonographic recognition of disrupted ossification centers, overlying skin, or both on transverse and coronal views of the fetal spine. Water bath studies indicate that posterior ossification centers correspond to lamina-pedicle junctions, whereas anterior ossification centers represent the developing vertebral body. 16 The main ossification centers (2 posterior and 1 anterior) can be shown by 16 menstrual weeks, although the distal spine may not be fully formed before 22 weeks. 17 The level of vertebral defect can also be estimated by prenatal ultrasonography. Kollias and coworkers 5 examined the ability of 2DUS to estimate this level among 28 cases of spina bifida. The last ossified vertebral segment was assumed to be S4 in the second trimester and S5 in the third trimester. If the sacral segments were not clearly visualized, the last rib (T12) and the top of the iliac crest (L5 to S1) were identified as key anatomic landmarks from which the defect lev-Lee et al (Table 2) . High spinal defects (above L3) result in complete paraplegia with bladder and rectal incontinence. More caudal defects (L4 and below) have typically resulted in limited ambulation, with a need for ancillary assistance and orthopedic surgery. Children with midsacral defects are more likely to have independent ambulation with varying degrees of bowel and bladder dysfunction. A 3-year follow-up study of affected infants found that the prenatal anatomic level of spinal defects accurately predicted the severity of motor abnormalities in 12 of 15 children. Prenatal sonography was a better predictor of long-term motor functioning than the initial motor level that was determined from the neurologic examination at birth. 2 Other investigators have also found the sonographic determination of the lesion level to reliably predict the ambulatory potential of fetuses with open spina bifida. 
A B
Three-dimensional ultrasonography represents an imaging technology that may offer important benefits for the diagnostic evaluation of spina bifida. Johnson and associates 8 studied 9 fetuses with abnormalities, of which only 5 had postnatal correlation (4 cases by radiographic or neonatal examination and 1 case by autopsy). Volume rendering of the spine was used with multiplanar imaging to define the T12 vertebral body and rib as a key reference point. The superior aspect of the iliac wing, identified as the first sacral vertebra, was also used to localize the bony defect. For unexplained reasons, 3DUS had a tendency to localize the spinal defect about 2 vertebral segments higher than 2DUS. Of the 5 fetuses with postnatal correlation, 3 had more accurate findings by 3DUS, 1 had similar results by either method, and another had a more accurate defect level by 2DUS. By contrast, the current investigation used the same combination of multiplanar images and volume rendering. The first sacral vertebra was not considered in our study. Postnatal determination of the defect level was based on imaging studies and did not rely on physical examination at the time of surgery.
Three other investigators have used 3DUS to evaluate spina bifida. For example, Mueller and coworkers 7 examined 4 fetuses with multiplanar views to count down from the 12th thoracic vertebra. They did not correlate their prenatal assessment with postnatal findings, and volume rendering was not used to generate multiplanar views. Another study compared 2DUS and 3DUS among 63 patients with 103 anomalies. Three-dimensional ultrasonography was thought to be "most helpful" for localizing bony defects in 10 fetuses with spina bifida. 9 One of their cases involved a spinal defect that could not be imaged by 2DUS because of fetal position. The precise level of the defect was determined by endovaginal 3DUS by allowing reconstruction of appropriate planar images from volume data. Unfortunately, spinal defect levels were not compared with postnatal results, and the methods used for postnatal assessment were not outlined. Bonilla-Musoles and associates 10 described 4 fetuses with spina bifida, although 3DUS was not correlated with either 2DUS or postnatal findings. All 4 studies collectively suggest that additional work will be required to determine an optimal analytic approach for the evaluation of spina bifida by 3DUS.
Interpretation of these observations should consider the sonographic definition of anatomic landmarks and the manner by which postnatal vertebral defects are confirmed. First, we identified the last visible rib as being connected to the 12th thoracic vertebra. This assumption is occasionally inaccurate, because some fetuses (e.g., with spina bifida. 21 Others have attempted to use the first sacral vertebra to localize the bony defect, because the superior border of the iliac crest has been reported to correspond to the first sacral vertebra in 95% of 239 secondtrimester fetuses. 22 In that 2DUS study, however, the identity of the first sacral vertebra was actually uncertain, because the total number of thoracic ribs was not known for each fetus. A second problem arises when one attempts to verify bony defect levels by physical examination of the neonate. Even the surgeon cannot be confident about the anatomic level unless prior imaging studies are available. Only postnatal results from spinal radiography or magnetic resonance imaging were used for making our comparisons. On this basis, it seems reasonable to report an estimated range (suspected level ± 1 vertebral segment) for counseling parents about prognosis.
Other sonographic findings, such as splayed vertebral pedicles and anomalous vertebrae, may be difficult to demonstrate by 2DUS alone. Corresponding examples of these findings have already been shown by 3DUS (Figs. 3  and 5 ). Although surface rendering of the overlying sac does not improve our ability to localize a bony defect, expectant parents may benefit from an opportunity to visualize the lesion as part of their prenatal counseling.
In summary, 3DUS provides useful multiplanar views for the evaluation of spina bifida. Optimal views are generated by manipulation of a virtual cutting plane through a volume reconstruction of the fetal spine. Spinal defect levels obtained in this manner closely correlate with findings from both 2DUS and postnatal imaging. Although multiplanar views are more informative than rendered views for localizing these defects, their simultaneous use increases the likelihood that an appropriate region of interest will be analyzed. This approach may improve the characterization of spina bifida by adding diagnostic information that is complementary to the initial assessment by 2DUS.
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Evaluation of Spina Bifida by 3D Ultrasonography Figure 6 . Open spina bifida: postnatal correlation (case 9). The external skin lesion on this neonate correlates well with the prenatal lesion shown from the same fetus during the second trimester (Fig. 5) . Note how the central part of the defect is not covered by skin. The same area appears echolucent in the fetus on 3DUS. 
